Competing hypotheses are discussed to account for the decoupling trend in utilization proxies including iron fertilization, species-dependent fractionation effects, and diatom habitats. Based on mass balance calculations, we highlight that diatom species derived from the semi-enclosed sea ice environment may have a confounding effect upon δ
Seasonal Ice Zone, East Antarctica. Both data sets reflect periods of increased nutrient utilization by diatoms during the Hypsithermal period (circa 7800 to 3500 calendar years (cal years) B.P.), coincident with a higher abundance of open water diatom species (Fragilariopsis kerguelensis), increased biogenic silica productivity (%BSi), and higher regional summer temperatures. The Neoglacial period (after circa 3500 cal years B.P.) is reflected by an increase in sea ice indicative species (Fragilariopsis curta and Fragilariopsis cylindrus, up to 50%) along with a decrease in %BSi and δ 13 C diat (< À18‰ to À23‰). However, over this period, δ 30 Si diat data show an increasing trend, to some of the highest values in the Holocene record (average of +0.43‰).
Competing hypotheses are discussed to account for the decoupling trend in utilization proxies including iron fertilization, species-dependent fractionation effects, and diatom habitats. Based on mass balance calculations, we highlight that diatom species derived from the semi-enclosed sea ice environment may have a confounding effect upon δ
30
Si downcore compositions of the seasonal sea ice zone. A diatom composition, with approximately 28% of biogenic silica derived from the sea ice environment (diat-SI) can account for the increased average composition of δ
Introduction
Coastal and continental shelf zones are some of the most ecologically productive regions of the Southern Ocean (SO), accounting for up to approximately 76% and 3.5% of the total primary productivity of the marginal ice zone and SO, respectively [Arrigo et al., 2008; Nelson et al., 1995; Smith and Gordon, 1997] . Diatoms account for a large proportion of primary productivity in these regions, therefore dominating the biogeochemical cycling of silicon and strongly influencing the biogeochemical cycles of other macronutrients (e.g., nitrogen, carbon, and phosphorous) [Sarmiento et al., 2004] .
The isotopic signature of silicon (Si) and carbon (C), which are preserved in the biogenic opal of diatoms (δ 30 Si diat and δ 13 C diat , respectively), can be measured to reconstruct nutrient utilization and export production, providing an important link in understanding the role of the siliceous biological pump in transferring carbon into the deep ocean and regulating atmospheric concentrations of CO 2 over glacialinterglacial cycles (De La Rocha et al. [1997 ] and Singer and Shemesh [1995] , respectively). Diatoms are dependent upon silicic acid (Si(OH) 4 ) within waters in order to form their opal frustules. These organisms biologically discriminate against the heavier 30 Si isotope relative to 28 Si, with a fractionation factor (ε) between waters and the organism, estimated in the SO of À1.2 ± 0.2‰ [Fripiat et al., 2011] . Varela et al. [2004] also report a ε of À1.2 ± 0.1‰, based on closed system mass balance modeling. Residual Si(OH) 4 in surface waters (δ 30 Si Si(OH)4 ) retains a higher δ 30 Si value. The degree, nature, and source of nutrient replenishment (e.g., open versus closed system Rayleigh models), strength of surface water stratification, and overall duration of growing seasons will all have important effects upon the composition of δ 30 Si Si(OH)4 and therefore subsequent δ 30 Si diat signatures. In the same way, diatoms biologically discriminate against the heavier 13 C isotope relative to 12 C. Variations in δ 13 C diat are attributed to changes in primary production, [CO 2 ](aq) and sea ice coverage, as a large extent of sea ice reduces the outgassing of CO 2 from upwelled waters and induces depleted δ 13 C diat during diatom blooms [Crosta and Shemesh, 2002; Rosenthal et al., 2000; Schneider-Mor et al., 2005 Shemesh et al., 1993] .
To this date, only a handful of δ 30 Si diat studies [De La Rocha et al., 1998; Horn et al., 2011] and a relatively small number of δ 13 C diat studies exist from the SO [Crosta and Shemesh, 2002; Crosta et al., 2002; Hodell et al., 2001; Jacot Des Combes et al., 2008; Schneider-Mor et al., 2005; Shemesh et al., 2002] , all of them focusing on glacialinterglacial changes around the present Antarctic polar front, mostly in the Atlantic sector. To our knowledge, only one study was performed in the Antarctic coastal zone, where heavy sea ice conditions prevail for most of the year, which indicated that processes related to surface water mixing and stratification, as well as the structure of the whole water column, are important controls upon δ 13 C diat composition [Berg et al., 2013] .
There thus remains an absence of data that address the role that sea ice (SI) diatom communities may impart upon the sediment record, which is of great importance in the seasonal ice zone (SIZ) of the SO. Indeed, the presence of sea ice can hinder surface wind mixing and promote surface mixed layer (ML) stratification following spring melt. More recently, the focus on this closed (or at least semi-enclosed) sea ice environment has been highlighted for silicon isotopes [Fripiat et al., 2007] . Here the progressive enrichment of the δ
30
Si Si(OH)4 pool is pronounced, due to reduced nutrient exchange with surface waters [Thomas and Papadimitriou, 2003] , which imparts a heavier sea ice diatom δ
Si (δ 30 Si diat-SI ) signature (up to 1‰) than ML (δ 30 Si diat-ML )
counterparts [Fripiat et al., 2007] . This manuscript provides a detailed investigation into the combined silicon and carbon pumps in the SIZ of East Antarctica, over the Holocene, by providing a high-resolution reconstruction of both δ
Si diat and δ 13 C diat on the same record from Adélie Land. As outlined in Crosta et al. [2005] , the trough has an average depth of 600-700 m, with the depressions acting to focus sedimenting phytoplankton cells (mainly diatoms) and thereby permitting good preservation of valves [Wright and van den Enden, 2000] . At the present time, sea ice covers the core site for 7-9 months of the year from February/March to November/December [Arrigo and van Dijken, 2003; Schweitzer, 1995] . The CCSZ is believed to be macronutrient and micronutrient rich, and ice melting produces a stratified stable environment favorable for diatom blooms [Leventer, 1992] .
Site Description
The data presented in this paper add to published work on sea-surface temperature, sea ice cover, and productivity changes [Crosta et al., 2007 [Crosta et al., , 2008 Denis et al., 2006 Denis et al., , 2009a Denis et al., , 2009b Denis et al., , 2010 . The main driver for the addition of δ 30 Si diat and δ 13 C diat analyses is to quantify specific nutrient utilization by diatoms (which dominate productivity in this region) over the Holocene. So far, proxies of productivity for this core include δ 15 N bulk and δ 13 C bulk , both of which are subject to greater diagenetic changes compared to analyses conducted on diatom opal [Anderson et al., 1998; Crosta and Shemesh, 2002; Pondaven et al., 2000; Singer and Shemesh, 1995] . This multiproxy approach is therefore of great value to understand the numerous processes playing a role in this region during the Holocene.
Methods

Sediment Core and Chronology
The core itself is composed of diatomaceous ooze, alternating between structureless green ooze and green to dark green laminations (of millimeter to centimeter thickness) [Crosta et al., 2005] . The age model used has been derived and extensively discussed by Denis et al. [2009a] . It is based on seven humic fraction (and one calcite shells and fragments fraction) 14 C dates, corrected with a 1300 year reservoir age [Ingolfsson et al., 1998 ] and calibrated using CALIB 5.0 [Stuiver et al., 2005] and the marine calibration Marine04 [Hughen et al., 2004] . It should be noted that the carbonate fraction 14 C date may be up to 400 years younger than the surrounding humic fraction dates [Costa et al., 2007] . We believe that it is, however, speculative to correct humic acid dates by 400 years. As this paper focuses on biogeochemical processes, we additionally state that correcting the MD03-2601 core chronology would not change our results and interpretations. We therefore choose to use the published chronology that indicates that the 40 m core covers the period between 1000 and 11,000 calendar years B.P. (cal years B.P.), with a mean sedimentation rate of 0.4 cm yr À1 [Denis et al., 2006 [Denis et al., , 2009a .
Sample Cleaning for Stable Isotope Analyses of Diatom Opal
Between 5 and 8 g (depending on the amount of material available) of wet sediment (sampled at an interval of every 96 cm for δ 30 Si diat and every 32 cm for δ 13 C diat ) were prepared for isotopic analyses. A total of 58 samples were analyzed for δ
30
Si diat and 118 samples for δ
13
C diat from the core MD03-2601. In order to establish that cleaning techniques were reproducible and effective at both institutes, 17 additional cleaned subsamples (from the Weizmann Institute) from core MD03-2601 were sent to Université Libre de Bruxelles (ULB) for δ
30
Si diat analyses to also be conducted on the same samples. Note that these samples represent the only samples analyzed for both δ 13 C diat and δ 30 Si diat .
Cleaning techniques are largely adapted from previously published diatom cleaning methods, in order to suit individual samples [e.g., Juillet-Leclerc and Labeyrie, 1987; Morley et al., 2004; Shemesh et al., 1995] . This involved stepwise cleaning of samples by wet sieving (between 10 and 32 μm size fractions) to remove larger nondiatom silicified organisms (e.g., radiolarian and sponge spicules). This fraction retained the dominant species assemblages of the core including the small Fragilariod taxa Fragilariopsis curta. Heavy density separation of samples using sodium polytungstate (Sometu Europa) at a specific gravity between 2.25 and 2.3 (adjusted to suit individual samples) was conducted a minimum of 3 times to remove lithogenic particles and clays. Carbonate removal (10% HCl for 2 h at room temperature) followed and organic digestion (a total of 4 h in 70% H 2 O 2 at 65°C and 1 h at room temperature in 1:1 nitric:perchloric acid) was also conducted after which samples were washed and centrifuged in Milli Q water 8 times. Light microscopy and scanning electron microscopy (SEM) confirmed good preservation of diatoms (e.g., minimal evidence of dissolution) and minimal contamination (Figure 2 ).
3.3. Silicon Isotopes 3.3.1. Alkaline Dissolution All laboratory methods and analyses for this proxy were conducted at the ULB and the Royal Museum of Central Africa (Belgium). Samples were dried at 60°C in an oven before dissolution to liquid. Sealed Teflon Savillex pots were placed in a 100°C oven for approximately 70 min, with 1 mg of purified diatom opal and a 5 mL 0.2 M NaOH (Merck Pro Analysis) solution. Once dissolved, samples were immediately diluted (5 mL Milli Q) and acidified to neutralize the reaction with 5 mL 0.2 M HCl. Inductively coupled plasma-mass spectrometry (ICP-MS) analyses followed to ensure that lithogenic silica contamination (estimated from Al and Ti contents) was < 1%. A known concentration of sample was passed through cationic resin (BioRad AG50W-X12), with 3 mL Milli Q elutant in order to obtain an optimal Si concentration (between 3 and 4 ppm Si) [Georg et al., 2006] . ICP-MS analyses were again conducted to ensure removal of all cations (e.g., Na + ) and establish final concentrations of Si in order to concentration match sample and bracketing standards. Abraham et al. [2008] ). Blank levels were monitored on 28 Si and were typically 50 to 100 mV, compared to a sample 28 Si signal of around 5 V. Blanks were not subtracted but such blank levels were found to be insignificant on replicates and secondary reference materials. Indeed, full and analytical replicates (n ≥ 3) were conducted on all samples over several months, and results were compared to a known secondary reference, "Diatomite," with an analytical reproducibility for δ 30 Si of +1.27‰ ± 0.18‰ (1σ SD , n = 84) (published value of +1.26‰ ± 0.1‰1σ SD [Reynolds et al., 2007] ). δ
29
Si:δ 30 Si ratios of all data were compared with the terrestrial fractionation line (1.96), and data points falling outside of its analytical error were excluded from final data (16 analyses out of the total number of analyses, n = 341).
Carbon Isotopes
All laboratory methods and analyses for this proxy were conducted at the Weizmann Institute, Israel. The carbon isotopic composition (δ 13 C diat ) and C content of diatom silica (%C diat ) of the intrinsic organic matter encased within the cleaned diatom opal were analyzed on 118 samples using a Carlo Erba EA1110 elemental analyser in line with a Finnigan MAT 252 stable isotope ratio mass spectrometer. At least two replicates were measured for each sample. The δ 13 C diat values are reported versus peedee belemnite (PDB). Elemental analyzer runs were checked for internal consistency using several calibrated laboratory standards (acetanilide, glycine, and cellulose). As sampling resolution of biogenic silica (BSi) records [Denis et al., 2009b] and %C diat were different, data points were interpolated for %C diat so that ratios of %BiogenicSilica:%C diat (%BSi:%C diat ) could be calculated.
Results
Contemporary Nutrient Dynamics in the SIZ, East Antarctica
The range in diatom values reconstructed from core MD03-2601 (δ 30 Si diat between approximately À0.07 to +0.6‰) (Figures 3 and 4) fall close to the range of previously published values of δ
29
Si BSi from the SIZ region of Antarctica . These values lie between À0.08 and +0.21‰ applied to all respective data from hereinafter) [Young et al., 2002] . More recently, δ 30 Si diat values from sediment core tops taken from the Antarctic Peninsula (JCR112-BC383, 66.72°S and 70.44°W) have an average value of +0.9‰ [Egan et al., 2012] . This value is based on sediment fractions between the sizes 2 and 20 μm [Egan et al., 2012] where diatom composition is ≥ 90%. Measured δ
30
Si Si(OH)4 values from site CTD124 (64.9°S) in the ML is +1.63 ± 0.11‰ (data from the CLIVAR SR3 transect between 140 and 144°E) [Cardinal et al., 2005] . When then applying the recent published fractionation factor estimate, based on a compilation of work from the SO of diatoms during uptake, ε = À1.2‰ ± 0.2‰ [Fripiat et al., 2011] Berg et al. [2013] , the variability of the δ 13 C diat during the Holocene in the coastal zone is in the same order of magnitude as the one observed for glacialinterglacial changes (1-5‰) [Crosta and Shemesh, 2002; Crosta et al., 2002; Jacot Des Combes et al., 2008; Rosenthal et al., 2000; Schneider-Mor et al., 2005 Shemesh et al., 2002] .
MD03-2601 Proxy Data
Contamination in all MD03-2601 samples analyzed for C and Si stable isotopes was minimal, with percent carbon content ranging between 0.15 and 0.29% and lithogenic Si content <1% (both Al:Si and Ti:Si < 1). As a result, cleaning methods applied at both Institutes were reproducible and robust. SEM imaging of samples clearly demonstrates this (Figures 2a and 2b) . Reproducibility of stable isotope analyses yielded an average precision (1σ SD ) of ± 0.12‰ for δ 30 Si diat , 0.09‰ for δ 13 C diat , and 0.004% for %C. Please refer to supporting information Tables S1 and S2 for full δ
30
Si diat and δ 13 C diat data.
High values of δ 30 Si diat in the record are seen between circa 11,000 and circa 10,000 cal years B.P., fluctuating at approximately +0.57‰, after which values soon decline, until circa 7200 cal years B.P., fluctuating between approximately +0.35‰ and À0.07‰, the lowest values in the record (Figure 3c ). The decreasing trend in δ 30 Si diat starting circa 10,000 cal years B.P. is concomitant with the decrease in species abundances of Fragilariopsis kerguelensis and sea ice indicative species (here total abundances of F. curta and F. kerguelensis) (Figures 3e and 3f ). These changes are also coincident with an increase in %BSi:%C diat (Figure 3a ) reaching as high as circa 300 until circa 8500 cal years B.P. δ 13 C diat remains relatively stable, between circa 11,000 and 8000 cal years B.P., with values ranging between À19 and À22‰ (Figure 3b ).
At circa 7800 and 7100 cal years B.P., values of δ 13 C diat and δ 30 Si diat , respectively (Figures 3b and 3c and 3800 cal years B.P. vary between +0.05 and +0.46‰. The changes in these two proxies are concomitant with an increase in F. kerguelensis species abundances (Figure 3f ) after circa 7500 cal years B.P. and increased %BSi (up to approximately 60%) after circa 7600 cal years B.P. %BSi:%C diat increase once more after circa 7000 cal years B.P., reaching values as high as 320 (Figure 3a) .
By 3800 cal years B.P., δ 30 Si diat values increase and fluctuate between +0.26‰ and +0.60‰ until the end of the record (Figure 4a ). However, after circa 3500 cal years B.P., δ
13
C diat values show a decreasing trend to the lowest values in the record (Figures 3b and 4a ). This change is concomitant with the increase in sea ice indicative species, increasing to average values of approximately 30% for the rest of the record (Figure 3e ). After circa 3700 cal years B.P., %BSi shows a sharp decline (<50%) to some of the lowest values in the record before increasing again after circa 1500 cal years B.P. (Figure 3g ). The %BSi:%C diat ratio shows a decreasing trend after circa 4500 cal years B.P., reaching the lowest values seen in the record, although by circa 2100 cal years B.P. a small increase is seen (Figure 3a) . A rapid increase is seen after circa 3800 cal years B.P. in Diene/ C org ratios (Diene data from Denis et al. [2010] ), to the highest in the record (approximately 0.02) (Figure 3d ). ©2014. American Geophysical Union. All Rights Reserved.
Discussion
The Holocene record from core MD03-2601, presented here, has been divided into three periods (Figures 3  and 4) . These follow the periods outlined by Crosta et al. [2008] and Denis et al. [2009b] , based on highresolution changes in dominant diatom assemblages and geochemical proxies over the course of the Holocene: the early Holocene (circa 11,000 to 7800 cal years B.P.), the mid-Holocene Hypsithermal (circa 7800 to circa 3500 cal years B.P.), and the late Holocene Neoglacial (circa 3500 to circa 1000 cal years B.P.). It is worth noting that the resolution of the new data sets presented here does not permit centennial-to-millennial oscillations to be discussed [Denis et al., 2009b] .
Early-to Mid-Holocene Productivity Changes
High values of δ
30
Si diat are encountered during 11,000 cal years B.P. to 10,000 cal years B.P., followed by lower values until 7700 cal years B.P., while δ 13 C diat data presents values around À20.5‰ during the whole early Holocene. Antarctic ice core records document that the early Holocene (11,000 to 9000 cal years B.P.) represents the warmest period of the Holocene in East Antarctica [Masson et al., 2000] . This is indeed reflected by the higher abundances of the open water (e.g., summer) diatom species F. kerguelensis (between circa 11,000 and 10,000 cal years B.P.; Figure 3f ), which are in phase with the δ
Si diat pattern during the early Holocene. Fragilariopsis kerguelensis is a strongly silicified species [Gall et al., 2001; Scharek et al., 1997; Takeda, 1998 ], which has a preferentially higher Si(OH) 4 demand compared to more weakly silicified diatom species [Smetacek, 1998 ]. The overwhelming abundances of F. kerguelensis between circa 11,000 and 10,000 cal years B.P. may explain the high %BSi:%C diat values at that time (Figure 3a) .
The later decline in δ
30 Si diat is concomitant with a documented Antarctic cooling (up to 1°C) between circa 10,000 and 8000 cal years B.P. [Mathiot et al., 2013] . In the region of East Antarctica, this is reflected as sea ice expansion and glacial advances, as suggested by higher relative abundances of F. curta, and greater surface water stratification, as demonstrated by higher abundances of Chaetoceros resting spores (CRS) [Crosta et al., 2008; Denis et al., 2009a] . High surface water stratification most likely induced early season depletion of other nutrients (e.g. nitrate) prior to silicic acid [Denis et al., 2009b] but overall low productivity at the time, thereby leading to low Si utilization by diatoms and therefore lower δ 30 Si diat .
The initiation of the Hypsithermal is clearly identified in core MD03-2601 between circa 7800 cal years B.P. and circa 3500 cal years B.P. during which period %BSi was above 50% (Figure 3g ). Centennial timescale episodes of maximum productivity were recorded at circa 7000, 6000, and 4000 cal years B.P. [Denis et al., 2009b] . Both millennial and centennial timescale changes are coincident with increased abundances of the heavily silicified, open water species F. kerguelensis. More specifically, %BSi:%C diat ratios also increases after circa 7000 cal years B.P. to the highest values seen in the record (Figure 3a) . These data suggest a preferential increase in silicic acid utilization over carbon utilization, driving the higher composition of δ Gibson et al., 1999; McMinn et al., 1999; Michels et al., 2008; Munro et al., 2010] . This large range of δ
13
C POM and δ
C POC values within sea ice is not discriminating and cannot explain our data. However, a positive relationship has been found between phytoplanktonic productivity and δ 13 C POC in the Ross Sea [Villinski et al., 2000] . We therefore argue that the high δ 13 C diat values observed during the Hypsithermal are due to an increase in total dissolved inorganic carbon (DIC) utilization (i.e., higher productivity). A result of increased productivity, decreased sea ice season duration, reduced stratification of the water column [Crosta et al., 2008; Denis et al., 2009b Denis et al., , 2010 Kim et al., 2012] , and warm atmospheric temperatures over East Antarctica [Masson et al., 2000; Masson-Delmotte et al., 2004] . ©2014. American Geophysical Union. All Rights Reserved.
Late Holocene Nutrient Decoupling
After circa 3600 cal years B.P., there is a distinct change in proxy records (Figure 3 ) whereby both carbon and silicon isotope trends are decoupled (Figures 4a and 4b) . After circa 3800 cal years B.P., we observe a sharp δ 30 Si diat increase in our record (ranging between approximately +0.26‰ and approximately + 0.60‰), suggesting a period of increased Si(OH) 4 utilization by diatoms (Figure 3c ) during the Neoglacial. In contrast, from circa 3600 cal years B.P., δ 13 C diat values are gradually decreasing to reach the lowest values of the records (approximately À23‰) by 2000 cal years B.P. (Figure 3b ). These changes are more evident in Figures 4a and 4b where an opposing trend in isotopic proxies is seen, particularly when considering Figure 4b which displays the deviation from the record mean of both proxies therefore emphasizing the divergence in records. In the following section, we will outline possible mechanisms that could be explaining these contradicting trends in our record and highlight the potential implications for paleoreconstructions.
Initial calculations of ε (À1.1 ± 0.4‰) [De La Rocha et al., 1997] were determined based on laboratory experiments of dominant temperate/subpolar marine diatoms species, under a closed system model (e.g., progressive enrichment in 30 Si of the source pool, with increased utilization). Results showed that ε did not statistically vary between cultured species, and it was insensitive to growth rate and the temperature of source waters (from 12°C to 22°C) [De La Rocha et al., 1997] as well as Si quotas and the pCO 2 concentrations of waters [Milligan et al., 2004] . However, comparisons between different studies did show slight differences in ε for certain cultured species (e.g., Thalassiosira weissflogii) [cf. De La Rocha et al., 1997; Milligan et al., 2004] .
More recent literature has argued that ε may indeed show a species-dependent fractionation effect [Sutton et al., 2013] . Through laboratory culturing of a number of dominant polar and subpolar diatom strains, Sutton et al. [2013] indeed propose that SO species display the widest range in ε (e.g., À0.54 ± 0.09‰ for F. kerguelensis and À2.09 ± 0.09‰ for Chaetoceros brevis) [Sutton et al., 2013] . These species-dependent fractionation effects highlighted may indeed provide a plausible explanation since, F. kerguelensis, one of the diatom strains cultured by Sutton et al. [2013] , presents strong changes in relative and absolute abundances in core MD03-2601. However, the smaller fractionation factor (ε) of À0.54 ± 0.09‰ (compared to À1.2 ± 0.2‰, estimated from a compilation of in situ SO measurements) [Fripiat et al., 2011] suggest that the highest δ 30 Si diat values would dominate during periods when F. kerguelensisis are the most abundant (e.g., during the Hypsithermal; Figures 3c and 3f) , which is opposite to the trend observed in our record. It is therefore highly unlikely that the species effect observed by Sutton and coworkers can explain the increasing trend observed in our record during the Neoglacial period, when sea ice indicative species dominate (Figures 3c and 3d ). While Sutton et al. [2013] highlight the need to further constrain any evidence of species-dependent fractionation effects, until this is further elucidated, we apply the average silicon isotope fractionation factor more recently published by Fripiat et al. [2011] .
A second potential explanation for the opposite trends in diatom utilization of silicon and carbon during the Neoglacial (Figures 4a and 4b) , could be iron (Fe), as in the context of the SO, Fe (bio-)availability may also play a considerable role upon silicon utilization. In certain regions of the ocean, Fe is regarded as a limited nutrient for diatoms, (e.g., the High Nitrate, Low Chlorophyll (HNLC) regions) and during periods of increased (bio-)availability (e.g., enhanced aeolian transport in glacial periods) [Brzezinski et al., 2003] , there is a documented increase in diatom productivity [Boyd et al., 2000; Brzezinski et al., 2003; Martin and Fitzwater, 1988; Martin and Gordon, 1988; Martin et al., 1990a Martin et al., , 1990b . Brzezinski et al. [2003] clearly describe that during Fe-limited conditions (e.g., interglacial periods) in HNLC regions, diatoms utilize silicon and nitrate (Si(OH) 4 : NO 3 À ) with a depletion ratio >4:1, while during Fe replete conditions (e.g., glacial periods), this ratio changes to a more normal 1:1 ratio [Brzezinski, 1985] . These shifts are believed to account for pCO 2 drawdown during glacial periods when aeolian sources of Fe increased, promoting Si(OH) 4 export to lower latitudes and enhancing the silica and carbon biological pumps in regions where the carbonate production would once have dominated [e.g., Arellano-Torres et al., 2011; Beucher et al., 2007; Matsumoto et al., 2002; Pichevin et al., 2012] .
Coastal and shelf waters of the SO are generally considered to be highly productive regions due to the Fe inputs from underlying sediments and land runoff [Martin, 1990; Smetacek et al., 2004] [Sedwick et al., 2000] highlight the great spatial and temporal variability that exists in biogeochemical cycling, due to the complex interplay of coastal processes at different stages of the year (e.g., upwelling, glacial meltwater inputs, and sea ice cover) [Arrigo et al., 1998 ]. Nevertheless, in the modern day, it would appear that the SIZ of the SO, particularly in polynya regions is, in general, a Fe replete environment and the nutrient was most likely not limiting over the Holocene.
A final explanation to account for the deviation in nutrient trends over the Holocene resides in diatom habitats (Figures 4a and 4b ). Monitoring data of assemblages within the SIZ in East Antarctica have shown that F. curta and F. cylindrus are not only able to thrive under the ice but also multiply successfully within the ice [Fiala et al., 2006] . As such, F. curta cells growing within ice environments exhibit a heavier isotopic signature than their open ocean dwelling counterparts (up to approximately +1‰ more) [Fripiat et al., 2007] . This is resulting from the growth of cells in a semi-enclosed system where the dissolved silicon pool (i.e., brine) is only partially replenished [Fripiat et al., 2007] . Studies looking at the compositional changes of sea ice brines in the Weddell Sea have indeed shown a Si(OH) 4 drawdown by resident diatom populations over the course of the austral summer [Papadimitriou et al., 2007] . As such, the concomitant increase in sea ice indicative species and δ
30
Si diat in the Neoglacial period (Figures 3e and 3c , respectively) could reflect the increased contribution of sea ice-derived species (hereafter referred to as diat-SI) to the sediment, yielding a bulk higher relative utilization of the Si pool driven by Si limitation in sea ice habitats. Variations in relative abundances of diatom specific biomarkers, with, in particular higher relative abundance of a di-unsaturated Highly Branched Isoprenoidalkene (HBI Diene) after circa 4000 cal years B.P. (Figure 3d ), also suggest a higher contribution of sea ice-derived diatoms to the sediment [Denis et al., 2010] . Massé et al. [2011] have shown that this isomer is unique to sea ice diatom communities and that high abundances of this biomarker are observed in sea ice-covered environments, with more recent studies further confirming the application of this proxy in the Southern Ocean [e.g., Barbara et al., 2013; Collins et al., 2013] . As such, it is highly likely that the decoupling between carbon and silicon proxies during the Neoglacial is driven by the increased proportion of diat-SI in core MD03-2601, which has a higher δ 30 Si composition as a result of their semi-enclosed environment.
In order to investigate this argument further, we estimated the relative diat-SI contribution (%abundance diat-SI ) relative to the diat-ML contribution (%abundance diat-ML ) in MD03-2601 sediments using the following equation:
where δ 30 Si diat-SI and δ 30 Si diat-ML values are +1.2‰ ± 0.24‰ [Fripiat et al., 2007] and +0.12‰ ± 0.28‰, respectively (based on data from Cardinal et al. [2007] and Varela et al. [2004] ) and δ 30 Si downcore is the average δ 30 Si diat value (+0.43‰, ranging between +0.26‰ and +0.60‰) during the Neoglacial interval in core MD03-2601. We are able to propagate the errors on both the variability in the downcore data over the Neoglacial (δ 30 Si downcore = +0.43‰ ± 0.17‰) and of the published values of diat-SI and diat-ML, as detailed above, when making these calculations. Based on this, we argue that approximately 28 ± 31% of biogenic silica (BSi) preserved in core MD03-2601 in the Neoglacial, would need to be derived from diatoms thriving in the sea ice environment (diat-SI) to account for the higher isotopic composition of silicon, as an alternative interpretation to increased productivity at this time. Nevertheless, the consequences of the estimates from the Neoglacial suggest that either the export efficiency of these organisms is thus particularly efficient and/or the export from open water diatoms has been dramatically reduced at this period.
Paleoceanography
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While the more extreme end-member calculations values are high, the percentage abundance of sea icerelated species in core MD03-2601 reach a maximum of approximately 50% over the Neoglacial period [Crosta et al., 2007 [Crosta et al., , 2008 (Figure 3e ). However, it should be noted that estimating the downcore variations in the abundance of ice-derived diatom cells is extremely difficult, since these populations can "seed" ice edge blooms [Leventer, 2003, and references therein; Lizotte, 2001] . Furthermore, bloom development will depend upon the stratification of the shallow ML and nutrient availability [Arrigo and Thomas, 2004] . Nevertheless, this argument identifies the complex role that sea ice plays and how, potentially, it can have a confounding impact on paleoarchives of past utilization.
Within sea ice, as already outlined in section 5.1., δ 13 C POM and δ
13
C POC show a very large range of values Gibson et al., 1999; McMinn et al., 1999; Michels et al., 2008; Munro et al., 2010] Moreover, the recent study by Berg et al. [2013] showed high abundances (approximately 30-50%) of F. curta (sea ice-related diatoms) were associated with light δ
C diat values (ranging between approximately À26‰ and À20‰). These light values are in the range of δ 13 C diat values observed in core MD03-2601 during the Neoglacial, also coincident with high abundances of sea ice-derived species (Figures 3b, 3d , and 3e).
Thus, due to the large range in δ 13 C values observed in the SO from different environments, we do not aim to quantify the changes in δ 13 C diat as a function of diat-SI and diat-ML populations in core MD03-2601. Rather we argue that low δ 13 C diat values observed in core MD03-2601 during the Neoglacial were due to a decrease in total dissolved inorganic carbon (DIC) utilization (i.e., lower productivity) and/or increased supply to the region (e.g., upwelling) over this period [Denis et al., 2009a; 2009b] . This is concomitant with cooler temperatures and prolonged sea ice cover [Renssen et al., 2005] . More precisely, the combination of greater sea ice cover reducing CO 2 outgassing and the effect of intensified upwelling may be able to account for the low δ
C diat at this time as both processes increase the DIC pool at the surface. However, we cannot exclude the possible explanation that the observed lighter δ 13 C diat values could also result from more intense POC recycling, within sea ice environments.
Undoubtedly, further research to constrain silicon cycling in ML and SI environments, and ultimately its export, is needed. However, this argument does highlight its potential for Neoglacial nutrient decoupling in core MD03-2601 (Figure 4 ). These findings have important implications when comparing utilization proxies from the SIZ as these data suggest a departure from the interpretation of δ 30 Si as a utilization proxy of the ML if the contribution of diatoms originating from sea ice to the total sediment diatom record is not taken into account. Nevertheless, we show that on a high-resolution sediment core, Si isotopic data can be used to quantify the relative contribution of sea ice diatoms to the bulk biogenic silica record.
Conclusions
We present the highest resolution Holocene coupled δ
30
Si diat and δ 13 C diat records from the SIZ, East
Antarctica. These data are compared with dominant diatom species assemblage changes, along with %BSi and %BSi:%C diat ratios. There is a general agreement between carbon and silicon utilization proxies over the duration of the record until circa 3500 cal years B.P. During the Holocene Hypsithermal (between circa 7800 and circa 3500 cal years B.P.), abundances of open water diatom species (F. kerguelensis) and other diatom productivity proxies (e.g., %BSi and %BSi:%C diat ), probably a result of increased temperatures and a longer growing season in the region over this period. After circa 3500 cal years B.P., during the Neoglacial, opposite trends are seen in δ 13 C diat and δ 30 Si diat . Several explanations are explored including species-dependent fractionation effects, Fe fertilization, and sea ice cover. However, we argue the increased representation (the mass balance calculation of approximately 28%BSi) of diatoms derived from sea ice environments (also supported by higher relative abundances of HBI Diene) could account for higher Neoglacial δ 30 Si diat downcore values, when other nutrient utilization proxies suggest reduced productivity. These data highlight a significant contribution of sea icederived material exported to the sediment when sea ice cover is extended. It has important implications for interpreting downcore productivity records in the SIZ of the SO and that a departure in the application of these proxies can occur when high abundances of sea ice-derived species are present. This works propose a comprehensive, multiproxy approach to elucidate these arguments further, in the future.
matter during spring ice retreat at Terra Nova Bay, Antarct. Sci., 23(1), 43-56. Crosta, X., and A. Shemesh (2002) 
